Aims. We aim at performing a comprehensive study of the stellar population properties (formation epoch, age, metallicity, extinction, SFR, sSFR) of quiescent galaxies as a function of their sizes, stellar masses and redshifts, to constrain their driver and the most plausible evolutive scenarios that explain their growth in size. Methods. After selecting all the quiescent galaxies from the ALHAMBRA survey by the dust-corrected stellar mass-colour diagram, we built a shared sample of ∼ 850 quiescent galaxies with reliable measurements of sizes from HST. This sample is complete in stellar mass and luminosity, I ≤ 23, whose stellar population properties were retrieved using the SED-fitting code MUFFIT with various SSP model sets (BC03 and EMILES). Ages, metallicities, extinctions, SFR, and sSFR are studied on the stellar mass-size plane as function of size through a bidimensional and locally weighted regression method, LOESS, and a Monte Carlo approach to reduce the impact of uncertainties and correlations between stellar population properties. Results. Our results reveal that there are correlations between the stellar population properties of quiescent galaxies and both their stellar masses and sizes since z ∼ 1. At fixed stellar mass, the more compact the quiescent galaxy, the older and more rich in metals (up to 2-3 Gyr and 0.2 dex, respectively). There are also hints pointing out that more compact galaxies may present slight lower SFR, sSFR, and extinctions respect their more extended counterparts at same stellar mass (up to 0.5 dex and < 0.1 mag, respectively). We obtain an empirical relation for the driver of the stellar populations expressed as M ⋆ ∝ r α c , where α = 0.58 ± 0.07, 0.52 ± 0.07, 0.64 ± 0.09 for BC03 and EMILES (including BaSTI and Padova00 isochrones) SSP models, respectively. There are hints to support that velocity dispersion are tightly correlated to the stellar content of galaxies, and therefore, the driver can be partly linked to the dynamical properties of galaxies and to their gravitational potential.
Introduction
During the last decades, many authors found out that there are tight correlations between the stellar mass of a galaxy and its stellar population properties since moderate redshifts (e. g. Ferreras & Silk 2000; Kauffmann et al. 2003; Gallazzi et al.A&A proofs: manuscript no. ms pendence on morphological aspects and colours (early-type/red galaxies are typically more compact or denser than the latetype/blue ones at fixed stellar mass or luminosity). More recently, many studies unveiled striking evidences in favour of a continuous and generalised increase in size of both spheroidallike/quiescent and late-type/star-forming galaxies with cosmic time (e. g. Trujillo et al. 2004; Daddi et al. 2005; McIntosh et al. 2005; Trujillo et al. 2006; Toft et al. 2007; Trujillo et al. 2007; Zirm et al. 2007; Buitrago et al. 2008; van Dokkum et al. 2008; Damjanov et al. 2011; Newman et al. 2012; van der Wel et al. 2014) . In particular, since z ∼ 2 (z ∼ 1) massive spheroidallike/quiescent galaxies have rapidly increased in size a factor of ∼ 4 (1.5-2) up to the current days. However, the main mechanism responsible of this fast growth in size is not completely clear yet.
First attempts for disentangling why galaxies exhibit larger sizes at present proposed that the influence of AGNs could play a role. This scenario, usually referred as the "puffing-up" scenario (Fan et al. 2008 (Fan et al. , 2010 Damjanov et al. 2009 ), suggested that AGNs or quasar feedbacks would drive a removal of cold gas from the inner regions of the galaxy, hence redistributing the stellar content of the inner regions in a time scale of ∼ 2 Gyr. As a result of this mechanism, more extended galaxies would present older ages in the local Universe and the dispersion of the stellar mass-size relation would increase with cosmic time (Fan et al. 2010 ). Nevertheless, multiple observational studies point out to the opposite case, as there is not a significant increase in the dispersion of the mentioned relation and more compact galaxies show features proper of older stellar populations (e. g. Shankar & Bernardi 2009; Trujillo et al. 2009 Trujillo et al. , 2011 McDermid et al. 2015; Peralta de Arriba et al. 2015; Gargiulo et al. 2017) . For these reasons, this mechanism has been mostly discarded to explain the extended growth in size of galaxies.
Alternatively, mergers were proposed as an efficient mechanism to produce a generalised growth in size (Naab et al. 2009 ). Under this scenario, galaxies firstly formed their compact and dense cores, which could be the result of mergers between gas-rich disks (which yields compact starbursts of small radii, Hopkins et al. 2008a) or of the accretion of cold streams (which forms compact massive bulges and suppresses star formation Kereš et al. 2005; Dekel et al. 2009 ). These cores would be the so-called red nuggets observed at z > 2 (Damjanov et al. 2009; de la Rosa et al. 2016) . Once the core is assembled, galaxies would continue their assembly by a continuous fall of pieces at lower redshifts via mergers (with ex-situ stellar populations), hence populating the surroundings of dense cores via an "inside-out" formation scenario (e. g. de la Rosa et al. 2016 ). This scenario would be mainly driven by minor mergers on parabolic orbits (Khochfar & Burkert 2006a; Khochfar & Silk 2006b; Bezanson et al. 2009; Hopkins et al. 2009; Naab et al. 2009; Trujillo et al. 2011) , because the number of major mergers is not large enough as to reproduce the evolution in size observed since z ∼ 1 (Bundy et al. 2009; de Ravel et al. 2009; López-Sanjuan et al. 2010 . As merger histories do not preferentially involve compact galaxies (Díaz-García et al. 2013) , the growth in size via mergers would be generalised for all the galaxies in the stellar mass-size plane. Under these assumptions, the number of compact galaxies would be reduced at larger cosmic times (Cassata et al. 2013; Quilis & Trujillo 2013; Trujillo et al. 2014; van der Wel et al. 2014) . However, it is still matter of debate how the number of massive galaxies, with a prominent growth in size, varies with redshift. In fact, there are contradictory studies pointing out that the number of compact galaxies remain almost constant since intermediate redshifts (Saracco et al. 2010; Damjanov et al. 2014 Damjanov et al. , 2015 Gargiulo et al. 2017) or experiment only a slight decrease in number (Valentinuzzi et al. 2010; Poggianti et al. 2013) . At this point, a reliable estimation of the evolution in number of compact and massive galaxies along redshift is therefore needed to neglect or support the merger scenario as the responsible mechanism for the growth in size of quiescent or spheroidal-like galaxies.
In the last years, the "progenitor" bias (van Dokkum & Franx 2001 ) is gaining force on this topic. Consequently, samples of galaxies at high redshift are biased subsets of the nearby counterparts, because the former only includes the oldest members of the current distributions. Under this assumption the first galaxies formed in the earliest epochs of the Universe were also the densest ones, as they resided in denser halos. At the same time, they would evolve and quench their star-formation processes earlier. Any galaxy formed at later epochs will therefore be larger, evolving later on until they reach enough stellar mass as not to support more star forming processes. This would imply that less dense quiescent galaxies (less compact or extended) are also younger, as they reach a state of quenching in later epochs (Valentinuzzi et al. 2010; Carollo et al. 2013; Belli et al. 2015) . For the quiescent case, once these galaxies quenched their main star formation processes, they would lie on the upper parts of the stellar mass-size plane yielding a growth of the median size, according to the observations of the mass-size relation of star-forming and quiescent galaxies (e. g. Trujillo et al. 2007; Zirm et al. 2007; Buitrago et al. 2008; Newman et al. 2012; van der Wel et al. 2014 , the former typically larger). At the same time, this would imply that the number density of compact galaxies would be constant, or at least this would suffer mild and increasing modifications with cosmic time. Owing to the "progenitor" bias, we would expect a correlation between the size of a galaxy and their stellar content age, where denser galaxies exhibit older ages (Shankar & Bernardi 2009; Poggianti et al. 2013; Fagioli et al. 2016; Gargiulo et al. 2017; Williams et al. 2017) or large quiescent galaxies will reach the red sequence later than their compact counterparts (Belli et al. 2015) .
A detailed analysis of stellar populations of compact and extended quiescent galaxies will allow us to shed light on the scenarios or mechanisms related to the prominent growth in size that these galaxies have undergone since high redshifts. Extended galaxies being older than their compact counterparts would favour an "inside-out" formation, whereas the opposite case could be consistent with mergers and "progenitor" bias. In fact, probing the stellar content of these galaxies along a large period of cosmic time will also provide valuable information to test more complex scenarios in which there is not a unique mechanism acting in favour of a growth in size. For instance, Belli et al. (2015) showed that the "progenitor" bias contribution at 1 < z < 1.6 can only explain half of the average size evolution that quiescent galaxies exhibit during 1.25 < z < 2. In addition, for the generalised evolution of the median metallicity of massive quiescent galaxies reported by Díaz-García et al. (2018) , the presence of mergers would be necessary.
This work is part of a series of papers in which our goal is to improve our understanding of quiescent galaxies since z ∼ 1, with the ultimate goal of providing a general picture about the formation and evolution of quiescent galaxies making use of multiple observables (e. g. number densities, stellar population properties, and sizes). In this work, we aim at performing a comprehensive study of the stellar populations of a set of quiescent galaxies as a function of their sizes, masses and redshifts, in pursuit of finding the most plausible evolutive scenarios that can explain their growth in size.
Overall, the structure of this work is as follows. The definition of the quiescent sample with reliable sizes and stellar population properties is presented in Sect. 2. In Sect. 3 we explore the correlations between the sizes and the ages, formation epochs, metallicities, extinctions, star formation rates (SFR), and specific star formation rates (sSFR, defined as the SFR per unit of stellar mass, i. e. S FR/M ⋆ ) of quiescent galaxies. An empirical expression for the driver of the stellar content of galaxies is obtained in Sect. 4. Our results are discussed and compared with previous work in Sects. 5 and 6, respectively. A brief summary of this research is presented in Sect. 7.
Along this work we assume a ΛCDM cosmology with H 0 = 71 km s −1
, Ω M = 0.27, and Ω Λ = 0.73. Stellar masses are given in solar mass units [M ⊙ ] and magnitudes in AB-system (Oke & Gunn 1983) . In this work we assume Chabrier (2003) and Kroupa Universal (Kroupa 2001 ) initial stellar mass functions (IMF, more details in Sect. 2.1).
Sample of quiescent galaxies with reliable sizes
The parent catalogue for the present work is the catalogue of quiescent galaxies published by Díaz-García et al. (2017) . This catalogue includes ∼ 8 500 quiescent galaxies from the ALHAM-BRA 1 survey (Moles et al. 2008 ) at 0.1 ≤ z ≤ 1.1, whose stellar population properties were constrained via SED-fitting and studied by Díaz-García et al. (2018) . This sample of galaxies was defined to be complete in stellar mass (95 % completeness for each redshift bin) and luminosity (I ≤ 23), where a dust-corrected stellar mass-colour diagram (or MCDE) was used to minimize the contamination of dusty star-forming galaxies. In order to assess likely systematics on the stellar population properties owing to the use of population synthesis models, two sets of single stellar populations (SSP) models were used: Bruzual & Charlot (2003, hereafter BC03) and EMILES (Vazdekis et al. 2016) . The methodology to determine stellar population properties is briefly presented in Sect. 2.1. As the goal of the present work is to shed light on potential correlations between the stellar populations of galaxies and their sizes, we complement the present catalogue with reliable size measurements of galaxies, further details in Sect. 2.2.
2.1. Stellar population properties of quiescent galaxies from the ALHAMBRA survey
The ALHAMBRA survey provide fluxes in 23 photometric bands 2 , 20 in the optical range (λλ 3500-9700 Å, FWHM ∼ 300 Å, details in Aparicio Villegas et al. 2010 ) and the NIR bands J, H, and K s (Cristóbal-Hornillos et al. 2009 ). This survey was acquired at the 3.5-m telescope of the Calar Alto Observatory 3 (CAHA), covering a current effective area of ∼ 2.8 deg 2 in 7 non-contiguous fields along the northern hemisphere. The reference catalogue of photometry for this work was the AL-HAMBRA Gold catalogue (Coe et al. 2006 ) and non-fixed aperture photometry, ideal to carry out stellar population studies including the total flux emitted by galaxies without biasing their outer parts.
The stellar population properties of quiescent galaxies (ages, metallicities, extinctions, stellar masses, photo z, rest-frame luminosities Díaz-García et al. 2017) were determined using the code MUFFIT 5 (Díaz-García et al. 2015) . MUFFIT was fed with different SSP model sets to construct composite models of stellar populations (mixtures of two SSPs), allowing us to assess potential systematics caused by the varying model prescriptions in these sets. For the present work, the SSP models of BC03 and EMILES were used to constrain stellar population properties via SED-fitting. For both BC03 and EMILES, the extinction law of Fitzpatrick (1999) is assumed for dust reddening with values in the range A V = 0.0-3.1 and taking a fixed ratio of R V = 3.1. The SFR and sSFR were estimated using the luminosity at 2 800 Å as SFR tracer as proposed by Madau et al. (1998) , further details in Díaz-García et al. (2017) . It is worth mentioning that our sample is composed of quiescent galaxies and the values of SFR and sSFR are going to be low. However, larger SFR values can be interpreted as a remnant of low star formation or an excess of flux in the NUV respect other quiescent galaxies. Notice that Díaz-García et al. (2017) stated that stellar masses computed using EMILES SSP models are ∼ 0.10 dex more massive than those obtained making use of the BC03 ones. For this reason, stellar mass completeness limits of EMILES and BC03 differ at any redshift in all the sections of this work.
Throughout this work, the mass-weighted ages (Age M ) and metallicities ([M/H] M ) are preferred to the luminosity ones, as the mass-weighted parameters are more representative of the total stellar content of the galaxy and they are not linked to a definition luminosity weight (which may differ among different work). Lookback times, t LB , were established following the recipes of Hogg (1999) . Hereafter, we define the formation epoch as the addition of mass-weighted ages and lookback times: Age M + t LB .
Retrieval of sizes of quiescent galaxies
The measurement of galaxy sizes from ground-based surveys, e. g. ALHAMBRA, is biased to those galaxies with sizes larger than the spatial resolution of the survey. In addition, the evolution of the stellar mass-size relation with redshift makes more complicated a reliable and non-biased measurement of galaxy sizes. To overcome this drawback, we took advantage of the AL-HAMBRA fields that overlap with fields of the Hubble Space Telescope (HST), where these limitations do not exist at the AL-HAMBRA redshifts.
From the ALHAMBRA galaxy sample presented in Díaz-García et al. (2017) , we constructed a subset of shared quiescent galaxies with accurate effective radius measurements de- Notes.
(1) Scoville et al. (2007) ; (2) Dickinson et al. (2003) ; (3) Giavalisco et al. (2004) ; (4) Davis et al. (2007) .
rived from HST data. Size measurements were retrieved from the Advanced Camera for Surveys (ACS) general catalogue of structural parameters (Griffith et al. 2012 , hereafter ACS catalogue). The ACS catalogue was constructed using the GALA-PAGOS code (Häußler et al. 2011) , which includes both SExtractor (Bertin & Arnouts 1996) and GALFIT (Peng et al. 2002) , to model and measure structural parameters of each source in the ACS catalogue assuming a Sérsic (1968) profile. In particular, sizes were computed using as initial values to iterate the FLUX_RADIUS, R f , and MAG_BEST provided by SExtractor and the formula r e = 0.162 R
1.87
f , which was derived via simulations (further details in Griffith et al. 2012 ). In the following, our reference measurement for size is the circularized effective radius, r c , instead of the provided effective radius, r e , which encloses half of the total flux. Formally expressed as r c = r e √ a 1 /a 0 , where a 1 and a 0 are the semi-major and semiminor axes, respectively. The projected sizes from Griffith et al. (2012) were converted to physical units and circularized using the axis ratio provided by the ACS catalogue (a 1 /a 0 , column BA_GALFIT_HI).
After cross-correlating all the quiescent galaxies from the ALHAMBRA survey (fields 4, 5, and 6) at a stellar mass completeness level of 95 % with the ACS catalogue, we finally obtained a common sample of 870, 830, and 828 quiescent galaxies for BC03, EMILES+BaSTI, and EMILES+Padova00, respectively. There is a 90 % fraction of galaxies in common in the two EMILES and BC03 samples. Owing to a larger overlapping area with ALHAMBRA, most of structural parameters of quiescent galaxies in this study come from the COS-MOS field (Scoville et al. 2007 ). In the following, our reference bands for morphological parameters (including apparent size) in the ACS catalogue are F814W, for COSMOS and AEGIS (Davis et al. 2007) , and F775W for the HDF-N (Dickinson et al. 2003; Giavalisco et al. 2004) . In Table 1 , we show a brief summary of the characteristics of this subsample. We stated the redshift upper-limit of this work at z = 0.9, as at z > 0.9 the sample is constrained to those quiescent galaxies with log 10 M ⋆ 11.2 and the number of sources with ACS size measurements is low.
Correction for colour gradients
The presence and evolution of colour gradients in galaxies has been extensively studied since moderate redshifts (e. g. Ferreras et al. 2005; Szomoru et al. 2011; van der Wel et al. 2014) . Colour gradients affect the measurement of structural parameters such as half-light radius, which decreases at increasing wavelength (see e. g. Kelvin et al. 2012; Wuyts et al. 2012) . This is specially relevant in studies involving galaxies at different redshift with a few bands to determine structural parameters. According to this, the effective radius obtained by the F814W band at z = 0.63 and by F775W at z = 0.55 actually correspond to the effective radii at a rest-frame wavelength of 5 000 Å.
As our subsample extends from z = 0.1 to z = 0.9, we mitigate this "passband shifting" effect converting the size measurements obtained from the ACS F814W and F775W images to a common rest-frame wavelength of 5 000 Å. Following van der Wel et al. (2014) , r c at a rest-frame wavelength of 5 000 Å for a galaxy at redshift z is obtained through the expression:
where F denotes the bands F814W (COSMOS and AEGIS) and F775W (HDF-N), z p is the "pivot wavelength" (0.63 and 0.55 for F814W and F775W bands, respectively), and ∆ log 10 r c ∆ log 10 λ the size gradient as a function of wavelength. For the size gradient, we assume the value stated by van der Wel et al. (2014) for quiescent galaxies, ∆ log 10 r c /∆ log 10 λ = −0.25, which is also in agreement with Guo et al. (2011); Kelvin et al. (2012) . Notice that negative values for ∆ log 10 r c ∆ log 10 λ imply that quiescent galaxies are more compact at larger wavelengths. It is worth mentioning that for this work, the size corrections introduced by Eq. 1 are mild and do not exceed a 10 % fraction respect the observed values: 0.95 < r c /r c,F < 1.1.
Correlations between size and stellar population parameters of quiescent galaxies
In this section, we unveil the correlations that exist between sizes of galaxies and their stellar contents. These results can be potentially explored to shed light on the growth in size mechanisms that experiment quiescent galaxies since z = 1. For studying the distribution of the stellar population parameters on the stellar mass-size plane, we took advantage of the bidimensional and locally weighted regression method or LOESS (Cleveland 1979; Cleveland & Devlin 1988) . This methodology finds a non-parametric plane to reveal trends on the stellar mass-size plane through the distribution of points (stellar 
Fig. 1. From top to bottom, the mass-weighted age, formation epoch, metallicity, extinction, star formation rate (SFR), and specific star formation rate (sSFR) of quiescent galaxies using EMILES+Padova00 models plotted on the circularized radius versus stellar mass plane down to z = 0.9. All values are colour-coded as indicated by each colour bar and averaged by LOESS methodology (for more details, see Sect. 3). Dashed line illustrates the median circularized radius. The number of galaxies in each panel is pointed out on the first row.
population parameters for this study) minimizing the uncertainty effects on the diagrams by a regression technique. In particular, we used the Python implementation of the LOESS methodology published by Cappellari et al. (2013b) . During the LOESS process, we set a regularization factor or smoothness of f = 0.6 for all the solutions retrieved during the Monte Carlo approach, hence including correlations and degeneracies between parameters. Notice that this is necessary because both sizes and stellar masses also depends on the photo z determination, as well as the rest of stellar population parameters: ages, metallicities, SFR, and extinctions. In our analysis, we included mass-weighted age/formation epoch (Sect. 3.1), metallicity (Sect. 3.2), extinc-A&A proofs: manuscript no. ms In addition, we are able to quantify the variation of the different stellar population parameters with size. This relation is expressed as a function of the median circularized radius, r 50th c , observed at each redshift and stellar mass ranges in order to diminish differences in median sizes amongst stellar masses. We assumed a linear dependence with size of the form p(z, M ⋆ , r c ) = log 10 r c /r 50th c
where p represents the stellar population parameter (massweighted age/formation epoch, metallicity, extinction, SFR, and sSFR),m p the slope or the correlation with size, andn p the intercept. Fig. 3 . As Fig. 3 , but using BC03 SSP models.
Ages and formation epochs in the stellar mass-size plane
The results in Figs. 1-3 (see first row panels) point out that there is a tight correlation between the size of a quiescent galaxy and its mass-weighted age. This result is confirmed independently of the three sets of SSP models (BC03 and EMILES with isochrones BaSTI and Padova00) used for the stellar population predictions. We find out a clear trend in which more compact galaxies are systematically older at log 10 M ⋆ ∼ 9.6, whereas younger quiescent galaxies lie on the upper parts of the stellar mass-size relation. This correlation is extended beyond the nearby Universe up to z = 0.9. Furthermore, there are not strong evidences for a dependence of the size-age correlation with stellar mass, m Age M ∼ −1.9 at log 10 M ⋆ 9.6. In addition, there is no evidence for an evolution of the size-age relation with cosmic time, meaning, the redshift dependence in Eq. (2) for ages resides inn Age M . The common age difference between the most A&A proofs: manuscript no. ms compact and most extended galaxies since z = 0.9 is ∼ 2-3 Gyr. Note that despite the stellar mass-size relation is less prominent for quiescent galaxies below log 10 M ⋆ 10-10.5 (e. g. Shen et al. 2003; Ferrarese et al. 2012; van der Wel et al. 2014; Guérou et al. 2015; Lange et al. 2015) , the size-age correlation is also remarkable below this stellar mass limit.
Similar results are obtained for the mass-weighted formation epochs (see second row panels in Figs. 1-3 . The more compact the quiescent galaxy, the older its stellar population, that is, more compact quiescent galaxies were formed at earlier epochs than the extended ones at same stellar mass.
Metallicities in the stellar mass-size plane
From the stellar population predictions of both BC03 and EMILES, we also find out hints for a correlation between the size of a quiescent galaxy and its metal content (see thrid row panels in Figs. 1-3 . The more compact the quiescent galaxy, the larger its metallicity. For EMILES SSP models, the sizemetallicity correlation is more clear than the BC03 ones. In addition, this correlation is observed at least since z = 0.9. Independently of the stellar mass range explored, more compact quiescent galaxies are also more metal rich than the extended ones of same stellar mass with a correlation of m [M/H] M ∼ −0.07. Given the uncertainties and differences amongst the three SSP model predictions, and the limitation in the number of quiescent galaxies with reliable size measurements in ALHAMBRA, we cannot confirm that the correlation size-metallicity suffers either large variations in the redshift range explored or systematic differences amongst different stellar mass ranges at same redshift. Our results evidence that, on average, more compact quiescent galaxies at a fixed stellar mass are ∼ 0.2 dex more metal rich than their extended counterparts.
As revealed by Díaz-García et al. (2018) , this sample can be affected by cosmic variance at 0.5 ≤ z < 0.7. In addition, when using BC03 SSP models for the analysis, Díaz-García et al. (2018) showed that the lack of quiescent galaxies at this redshift range was more remarkable in ALHAMBRA, as well as a peak or maximum in metallicity, unlike using EMILES. Consequently, metallicity for BC03 SSP models can be affected by this effect, which can mask the real trend size-metallicity at 0.5 ≤ z < 0.7.
Extinctions in the stellar mass-size plane
As highlighted by Díaz-García et al. (2018) , there is no large discrepancies among the extinctions of quiescent galaxies (fairly constrained A V 0.6) without significant variations with redshift. This a priori limits a remarkable correlation between size and extinction. Despite this, there could be a slight hint pointing out that more compact galaxies are compatible with lower levels of extinction in their stellar continuum than the extended quiescent galaxies ( m A V ∼ 0.03, see fourth row panels in Figs. 1-3) . Owing to the narrow range of extinction values in these galaxies, the extinction differences between compact and extended quiescent galaxies are below 0.1. There are no evidences for a dependence of the size-extinction with either redshift or stellar mass.
SFR and sSFR in the stellar mass-size plane
The SFRs obtained from the luminosity at 2 800 Å (details in Díaz-García et al. 2017) show that quiescent galaxies with larger SFRs populate the upper part of the stellar mass-size plane.
From fifth row panels in Figs. 1-3 , we find that the more compact the quiescent galaxy, the lower its SFR at the same stellar mass. This result is remarkably supported by the SSP model sets of BC03 and EMILES. This size-SFR correlation is also obtained for all the quiescent galaxies in our sample since z = 0.9, and independently of the observed stellar mass range, m log 10 SFR ∼ 0.3. In addition, this relation does not show any evolution with redshift, and it is quite similar for different stellar mass ranges systematically, even for stellar masses log 10 M ⋆ 10.5 where the stellar mass-size relation is less remarkable. Our results suggest that more compact quiescent galaxies have SFRs of the order ∼ 0.5 dex lower than their compact counterparts.
In the same sense, sSFR also correlates with size. In Figs. 1-3 (see the last row panels), we show that more compact quiescent galaxies also exhibit lower sSFR than the equal mass and extended ones, with differences lower than 0.5 dex. This result is obtained for all the stellar mass ranges since z = 0.9, which does not present significant variabilities amongst stellar mass ranges, m log 10 sSFR ∼ 0.16. It is worth noting that, since the SFR tracer is based on the luminosity at 2 800 Å, the stellar continuum provides a non null SFR value even when there is not any star formation in the galaxy. Consequently, the intrinsic luminosity of the stellar content may drive, by itself, the correlation size-SFR and -sSFR without the necessity of underlying star formation processes (see also Díaz-García et al. 2017) . In any case, the SFR and sSFR can be interpreted as the luminosity at 2 800 Å and the luminosity per unit of stellar mass, respectively.
Main driver of the galaxy stellar content
Many efforts were carried out during the last decades to track the evolution of stellar population properties, as well as to determine which is the main driver conducting it. It is well stated that one of the most relevant parameters driving the evolution of galaxies is the stellar mass. However, many authors point out that this fact is more correlated to dynamical and/or morphological properties of galaxies. Our results agree with this fact (see Sect. 3), pointing out that the assembly of the stellar content of galaxies is also related with the size, and therefore there are other factors driving its assembly rather than the stellar mass itself. From our results (Sect. 3), we can retrieve empirical relations to set constraints on the main parameter that correlates with the stellar population properties of galaxies (Sect. 4.1), as well as to unveil whether other properties of quiescent galaxies as the stellar mass-size relation (Sect. 4.2), mass and luminosity surface densities (Sect. 4.3), morphology (Sect. 4.4), and velocity dispersions (Sect. 4.5) are also correlated or not to the stellar population driver.
Empirical determination of the stellar population driver
For this aim, we pursue to empirically discern the regions of the stellar mass-size plane that show similar stellar population parameters. A visual inspection of Figs. 1-3 shows that constant formation epochs of quiescent galaxies lie on well defined positions within the stellar mass-size plane. In fact, the formation epoch of a galaxy had been proposed in previous studies as one of the stellar population properties that better correlates with stellar mass (e. g. Thomas et al. 2005; Ferreras et al. 2009 ). In the following, we assume that the formation epoch of a galaxy is a representative parameter that correlates with the driver of the stellar population assembly of a galaxy. However, previous studies show evidences for a non-passive evolution of the stellar populations of quiescent galaxies (e. g. Schiavon et al. 2006; Gallazzi et al. 2014; Siudek et al. 2017; Díaz-García et al. 2018) , which modifies their formation epochs at the same time that galaxies grow in size (Shen et al. 2003; Trujillo et al. 2007; van Dokkum et al. 2008; van der Wel et al. 2014 ). For these reasons we fit the formation epoch to a redshift dependent plane of the form:
where a and b are constants and c(z) is a redshift dependent function that we assume linear hereafter. As a sanity check, we fitted Eq. (3) in every redshift bin in Figs. 1-3 getting that our formation epochs are properly fitted by a plane (typical differences below 0.5 Gyr) and that a and b are compatible with no redshift evolution up to a 1 σ uncertainty level. From Eq. (3), the regions of the plane of constant formation epoch at a given redshift are those in which M ⋆ ∝ r α c , where α = −b/a. As the stellar population properties of this work are model dependent, we repeat this process for the sets of BC03 and EMILES SSP models. As a result, the regions of constant formation epoch are expressed by α = 0.58 ± 0.07, 0.52 ± 0.07, and 0.64 ± 0.09 for BC03, EMILES+BaSTI, and EMILES+Padova00, respectively. It is worth mentioning that the values of α are compatible within a 1 σ confidence level, even though the stellar population predictions from the different SSP models reveal quantitative discrepancies (see e. g. Díaz-García et al. 2017 .
We checked whether other stellar population properties are also connected to the curves of constant formation epoch, i. e. M ⋆ ∝ r α c . This would also support that there is a more correlated parameter with the assembly of the stellar populations of a galaxy than the stellar mass only. We repeat the fitting process of Eq. 3, but using other stellar population properties instead of the formation epochs. In Table 2 , the α coefficients for ages, metallicities, extinctions, and sSFR retrieved during the fitting are also presented. Figure 4 and Table 2 illustrates that mass-weighted ages (as expected), metallicities, and sSFR (panels b, c, and f in Fig. 4 , respectively) fairly agree with the α values obtained for formation epochs. On the other hand, we find that the SFR (panels d and e in Fig. 4 , respectively) are not correlated with α. Owing to the low variations of extinctions and their uncertainties, we constrain that the slope of constant extinction is in the range α = 0-3. We reach the same conclusion independently of the SSP model set used for the stellar population analysis.
Stellar mass-size relation of quiescent galaxies
It is well known that red galaxies exhibit a clear correlation between stellar mass and size, which also evolves with cosmic time (e.g. Shen et al. 2003; Trujillo et al. 2007; Buitrago et al. 2008; van Dokkum et al. 2008; van der Wel et al. 2014) . As an extra sanity check of the reliability of our sizes and stellar masses, we determine the correlation stellar mass-size and the size evolution of quiescent galaxies since z ∼ 1. This also allows us to unveil whether the driver of the stellar population assembly matches with the stellar mass-size relation of quiescent galaxies.
To parametrize the stellar mass-size relation we use a powerlaw function of the form
where A is the intercept of the stellar mass-size relation and β its slope. Throughout this work, we assume that β is redshift independent, which has been largely studied in previous studies (e. g. Damjanov et al. 2011; McLure et al. 2013; van der Wel et al. 2014 ). However, the intercept A evolves with redshift owing to the increase in size of quiescent galaxies. For simplicity, we assume that the intercept is a linear function of redshift in the log-space, i. e. log 10 A(z) = γ · z + δ. Making use of all the quiescent galaxies in our sample with stellar mass M ⋆ ≥ 10 10.5
M ⊙ , to avoid the flattening of the stellar mass-size relation at lower masses, we constrain the set of parameters β, γ, and δ that better fits Eq. (4). As there are discrepancies amongst the sample of quiescent galaxies depending the SSP model used (see also Díaz-García et al. 2017), we retrieve β, γ, and δ parameters for each SSP model set.
In Table 3 we summarize the parameters β, γ, and δ that best fit Eq. (4) for our sample. Although the sample of quiescent galaxies is not exactly the same for the three different sets of quiescent galaxies (see Table 1 ), the parameters β and γ do not present a strong dependence with the SSP model set used and they are compatible given the uncertainties. However, δ is more tightly related to the SSP model set used, as expected owing to the quantitative differences between stellar content predictions from BC03 and EMILES (see e. g. Díaz-García et al. 2017). The stellar mass-size correlation, β, is set around 0.72 with an average error of 0.02. The parameter γ reflects the evolution in size of quiescent galaxies since z ∼ 1, for which we obtain a value of γ = −0.43 ± 0.02. A negative value of γ means that quiescent galaxies growth in size at lower redshifts, in agreement with previous studies. Extrapolating these values, we obtain that the growth in size of quiescent galaxies from z ∼ 1 to z = 0 is a factor of 2.5 ± 0.1. Regarding δ, it presents a stronger dependency with the SSP model set used and values in the range δ = 0.6-0.8 for EMILES and BC03 (see Table 3 for further details). In Fig. 4 , we illustrate the stellar mass-size relation obtained for EMILES and Padova00 isochrones at z ∼ 0.4 with a dotted line.
Our results point out that constant stellar population properties differ from the stellar mass-size relation (see dashed line in panels a, b, c, and f of Fig. 4 ). For extinction (panel d in Fig. 4) , we cannot confirm it given the uncertainties in our parameters. Consequently, the empirical relation obtained in this work to disentangle the driver of the stellar content of galaxies differs of the stellar mass-size relation. Note that in the case that they would be equivalent we got that β ∼ 1/α. Nevertheless, the stellar content of quiescent galaxies is more tightly related to their position respect the stellar mass-size than the stellar mass only. This may be a hint pointing out that the assembly of the structures of galaxies (in this case represented by the effective radius) are A&A proofs: manuscript no. ms . Top panels show, from left to right, mass-weighted formation epoch, age, metallicity and extinction; whereas bottom panels show star formation rate (SFR), specific star formation rate (sSFR), luminosity surface brightness in the I-band, and Sérsic index, respectively. To guide the eye, we illustrate the curve of constant formation epoch (black solid line) and its uncertainty (shaded area), as well as the stellar mass-size relation at this redshift bin (dotted black line). Units of stellar population properties are the same than in Figs. 1-3 . Table 3 . Parameters of the stellar mass-size relation of quiescent galaxies and its evolution since z ∼ 1, see also Eq. (4), and their uncertainties for BC03 and EMILES (including BaSTI and Padova00 isochrones) SSP models. It is worth mentioning that numerous studies mainly focus on the stellar mass-size relation distinguishing red and blue galaxies through morphological criteria. Nevertheless, our sample is based on the intrinsic colours of galaxies, i. e. in their stellar content. This implies that intrinsic red galaxies with late-type morphologies (Sérsic indices lower than 2.5) can be included in our sample (see Sect. 4.4), which can explain discrepancies with other studies. On the other hand, van der Wel et al. (2014) studied the stellar mass-size relation of quiescent galaxies using the photometry of CANDELS (Grogin et al. 2011; Koekemoer et al. 2011 ). These galaxies were selected using a UV J colour-colour diagram and the stellar masses were obtained using BC03 composite models. The authors found that β = 0.71-0.76 since z = 1.25, which is compatible with our results. In addition, if we fit the intercept obtained by van der Wel et al. (2014) at 0.25 < z < 1.25 to a lineal function with redshift, as in our work, we obtain that γ = −0.46 and δ = 0.75, which shows good agreement with our results when used BC03 SSP models.
Luminosity and mass surface densities in the stellar mass-size plane
Previous studies showed that the stellar content or properties of red galaxies is more correlated to their luminosity or mass surface density (hereafter Σ I and Σ M , respectively) than to the stellar mass (e. g. Kauffmann et al. 2003; Franx et al. 2008; Gargiulo et al. 2017 ).
To explore this topic, we take the surface brightness computed by Griffith et al. (2012) for the ACS camera (defined as Σ I = I + 2.5 log 10 2πr 2 c ) and we study its distribution in the stellar mass-size plane. As for the stellar population properties derived from the ALHAMBRA photometry, we applied the LOESS methodology to the surface brightness of the same band that we selected for the effective radius (see panel g in Fig. 4) . We find that constant values of Σ I are properly expressed as M ⋆ ∝ r 2.4 c . This means that the regions of constant Σ I differ from the empirical relation obtained in this work for the stellar population driver and it better correlates with the stellar mass-size relation (see panel g in Fig. 4) . However, we find that the stellar content of quiescent galaxies is more correlated to Σ I than to the stellar mass.
As mass surface density is defined as
c . This trend is similar to the obtained for Σ I , but it differs to the one obtained in Sect. 4.1 for the stellar content driver, which showed a slope of α = 0.52-0.64.
Sérsic indices of quiescent galaxies in the stellar mass-size plane
Using Sérsic indices as a proxy of morphology, we roughly explore the correlation between morphology and the driver of the stellar populations. We find that more than 80 % of the quiescent galaxies in our sample show a Sérsic index, n, larger than 2.5, which is the limit typically used in the literature to distinguish between early-and late-type galaxies. Quiescent galaxies with n < 2.5 typically populate the lower parts of the stellar masssize plane, specially at the low mass regimes of our sample. This also illustrates that there exists a connection between quiescent and early-type morphologies.
As for the case of the surface densities, Sect. 4.3, the Sér-sic index of quiescent galaxies does not show a correlation with the empirical driver of the stellar populations of galaxies. Nevertheless, this one follows similar trends than the constant surface densities and the stellar mass-size relation.
Velocity dispersions and the driver of the stellar populations of quiescent galaxies
One of the parameters that is gaining force to be a relevant driver of the stellar content is the velocity dispersion (σ; e. g. Trager et al. 2000; Gallazzi et al. 2006; Graves & Faber 2010; Cappellari et al. 2013a) , usually referred at one effective radius (σ e ). As our sample of quiescent galaxies was obtained via photometric data (resolving power R ∼ 20 for ALHAMBRA; i. e. FWHM ∼ 300 Å), we cannot provide estimations of σ e for each of the galaxies. Instead, we build distributions of σ e in the stellar mass-size plane from spectroscopic quiescent galaxies at the same redshift range that our sample. Making use of the NYU Value Added Galaxy Catalogue DR7 (NYU catalogue hereafter) of the Sloan Digital Sky Survey (SDSS, Blanton et al. 2005; Blanton & Roweis 2007; Adelman-McCarthy et al. 2008; Padmanabhan et al. 2008) , we build a sample of quiescent galaxies with spectroscopic measurements of σ, stellar masses, and photometric effective radius for the r and i bands. Adopting the rest-frame colour limits proposed by Schawinski et al. (2014) , we selected quiescent galaxies at 0.02 ≤ z ≤ 0.08 from the NYU catalogue using the k-corrected u, g, and J magnitudes (ugJ colour-colour diagram, see fig. 4 in Schawinski et al. 2014) . The stellar masses are scaled to a Chabrier (2003) IMF and the sample of quiescent galaxies is constrained to log 10 M ⋆ ≥ 10.8 for the following reasons: (i) To be complete in stellar mass. (ii) To avoid the flattening of the stellar mass-size relation at log 10 M ⋆ ∼ 10.6. (iii) To match with the stellar mass range in which our sample is complete since z ∼ 1. As in Peralta de Arriba et al. (2014), we applied additional restrictions to the NYU catalogue to avoid unreliable data: 70 ≤ σ ≤ 320 km s −1 , 0.3 ≤ r e ≤ 30 kpc, and r e ≥ 1 ′′ . As the NYU catalogue contains sizes for r and i bands, we built two final samples of ∼ 11 600 quiescent galaxies after applied the above restrictions. Owing to the aperture effects of SDSS, the velocity dispersions of the quiescent galaxies of the NYU catalogue are out to one r e . We therefore corrected them of aperture effects using eq. 1 of Cappellari et al. (2006) . From the final SDSS samples, we computed mean values of σ e at bins of stellar mass and size to subsequently fit them to a plane, hence obtaining an analytic expression of constant σ e (as in Sect. 4.1, see also Eq. (3)). Figure 5 illustrates the mean σ e for the different regions of the stellar mass-size plane. At fixed stellar mass, more compact quiescent galaxies from SDSS exhibit larger σ e than their more extended counterparts. Constant values of σ e are properly described by M ⋆ ∝ r 0.56±0.05 c (see green line in Fig. 5 ) with typical differences respect the plane below 30 km s −1
. Note that σ e is a parameter not linked to a SED-fitting analysis based on colours, which makes it independent of our predictions of stellar population properties. It is worth mentioning that we are not es- Fig. 5 . Average values of velocity dispersion in the stellar mass-size plane for quiescent galaxies from SDSS at 0.02 ≤ z ≤ 0.08 for the r band. The size of the marker illustrates the number of galaxies in each bin, whereas their colours illustrate the velocity dispersions at one effective radius (see colour bar). Black lines exhibit the empirical relation of constant formation epochs (Eq. (3)) obtained for BC03, EMILES+BaSTI, and EMILES+Padova00 SSP models (solid, dashed, and dotted black lines, respectively). Curves of constant velocity dispersions for one effective radius using SDSS data and the results from Peralta de Arriba et al. (2015) are illustrated with green and red lines, respectively. For each case, shaded areas show the uncertainties in the fits of constant galaxy properties.
timating dynamical masses, usually based on the virial theorem and homology, but stellar masses derived from the colour and luminosity properties of galaxies. This implies that at least in the nearby Universe, our empirical driver of stellar populations of quiescent galaxies (see Sect. 4.1) matches with σ e within uncertainties (see black lines in Fig. 5 ). This result is consistent independently of the band used, i. e. for r and i bands.
At intermediate redshifts, z ∼ 1, spectroscopic studies along the stellar mass-size plane including reliable σ e measurements are more limited in number. However, Peralta de Arriba et al. (2014, 2015) built samples of massive spheroid-like galaxies (log 10 M ⋆ 10.8 for an IMF of Chabrier 2003, n ≥ 4) at z ∼ 1. In particular, Peralta de Arriba et al. (2015) built a sample to cover a broad range on the stellar mass-size plane, which fits with the range in stellar mass and redshift that we explore with the quiescent galaxies of ALHAMBRA. Peralta de Arriba et al. (2015) unveiled that there is a breakdown in the homology assumption (also confirmed in Peralta de Arriba et al. 2014) yielding that constant σ e values satisfies M ⋆ ∝ r 0.57±0.18 c (see dashed red line in Fig. 5 ), which is compatible with no redshift evolution since z ∼ 1. This result agrees with the ones obtained above for quiescent galaxies from SDSS. In fact, our empirical relations for the driver of the stellar content of galaxies lie also on regions of constant σ e at z ∼ 1 (see Fig. 5 ).
How is the main driver of the stellar content of galaxies?
There are hints to support that velocity dispersions within one effective radius are a good candidate to be tightly correlated with the stellar content of quiescent galaxies, even more than the stellar mass or the rest of parameters explored in this work. Nevertheless, we cannot confirm that the driver of the stellar popu-A&A proofs: manuscript no. ms lations is the velocity dispersion. Although there is a tight correlation between the velocity dispersion and the stellar content, there may be an underlying mechanism favouring the creation of stars that also increases the velocity dispersion. However, this fact may reflect that the driver of the stellar populations of galaxies would be partly linked to the dynamical properties of galaxies, as well as to their gravitational potential.
In a similar way, Barone et al. (2018) explored plausible drivers of the stellar content of 625 early-type galaxies using Integral Field Spectroscopy (IFS) from the SAMI galaxy survey (Bryant et al. 2015) . They compared the correlations between dynamic masses (M D ), gravitational potential (Φ), surface density (Σ) and ages, metallicities, α abundances. Under the assumption of homology in virial equilibrium, we would get that
2 /r e . Based on the correlation between the stellar population parameters and M D , Φ and Σ, Barone et al. (2018) found out that the metallicity presents a larger correlation with Φ and the age with Σ. Using the stellar population parameters of quiescent galaxies from ALHAMBRA (Sect. 3 and Figs. 1-3) , we explore whether stellar populations are more correlated to either gravitational potential (Φ M ) or to surface density (Σ M ). In our case, we use their non-dynamical definitions, meaning, Φ M ∝ M ⋆ /r c and Σ M ∝ M ⋆ /r 2 c . Similarly to Barone et al. (2018) , we quantify the correlation between stellar population parameters and both Φ M and Σ M through a Spearman correlation coefficient, and their scatter assuming a linear relation. As a result, all the stellar population parameters explored in this research exhibit larger correlation coefficients for Φ M than for Σ M at any stellar mass and redshift. It is also remarkable that the scatter with Φ M is lower than for Σ M . This is not surprising because we observationally constraint through an empirical relation that the driver of the stellar content is roughly of the form M ⋆ ∝ r 0.6 c , which is more similar to the gravitational potential (i. e. M ⋆ ∝ r c ) than to the surface density (i. e. M ⋆ ∝ r 2 c ). The observational discrepancies with the motivated parameters Φ and Σ can be a hint pointing out that there are also other key parameters embedded in the star formation driver (e. g. internal kinematics or the primordial angular momentum of gas clouds), or other external ones such as mergers (e. g. Khochfar & Silk 2006b; Naab et al. 2006; Solanes et al. 2016) or the masses of dark matter haloes (e. g. Huang et al. 2018) , which should be studied in detail in future works.
Interestingly, McDermid et al. (2015) ; Li et al. (2018) retrieved similar results from spectroscopic studies using dynamical masses instead of stellar mass. The authors also found that curves of constant velocity dispersion in the dynamical masssize plane present the same slope than the ones of constant age, metallicity and [α/Fe]. This would support other recent studies claiming that stellar masses are proportional to the dynamical ones in a factor that does not change strongly with the stellar mass range (Gavazzi et al. 2007; Taylor et al. 2010; Zahid & Geller 2017) , which also agree with the assumptions of Peralta de Arriba et al. (2014 Arriba et al. ( , 2015 .
Growth in size of quiescent galaxies
The analysis conducted in this work reveals that more compact quiescent galaxies are older, more metal rich, less reddened by dust and present lower sSFR values than their more extended counterparts at fixed stellar mass. These results allow to shed light on the different mechanism acting in the growth in size of these galaxies since z ∼ 1. The correlation between size and age for quiescent galaxies is an additional prove to discard the "puffing-up" scenario as the responsible mechanism of the growth in size of galaxies, as this one would imply that compact galaxies were younger than their more extended counterparts.
Mergers and the "progenitor" bias agree with the results obtained in this topic. Both mechanisms have been extensively studied for explaining the growth in size of quiescent galaxies (Hopkins et al. 2009; Naab et al. 2009; Valentinuzzi et al. 2010; Trujillo et al. 2011; Carollo et al. 2013; Belli et al. 2015) . The latter because late-types or star-forming galaxies are typically more extended than early-types or quiescent galaxies, hence lying on the upper parts of the quiescent stellar mass-size relation after shutting down their star formation. Regarding "frosting", despite there may be a generalized presence of low levels of star formation, it is not clear how this may affect the derived sizes. If the remnants of star formation lie on the inner parts of the galaxy, "frosting" will tend to reduce the apparent size of the galaxy. On the contrary, new stars created in the surroundings of the inner parts (as a disk or shell around the bulge or galactic nucleus) would probably produce an apparent growth in size for the host galaxy. Therefore "frosting" can also be considered as another mechanism to produce the increase in size of galaxies. Overall, the growth in size of quiescent galaxies may not be driven by a unique mechanism.
As revealed by Díaz-García et al. (2013) , the merger history of galaxies does not depend on the galaxy size and the growth in size via mergers seems to affect similarly to the whole quiescent population. In addition, under this scenario, the number of compact quiescent galaxies (below a fixed size) must decrease with cosmic time. Unfortunately, there exists not a clear consensus about the evolution of the number density of compact quiescent galaxies, as some previous studies support that this number is roughly constant (Saracco et al. 2010; Damjanov et al. 2014 Damjanov et al. , 2015 Gargiulo et al. 2017) , whereas other work state that it exhibits a significant or mild decrement (Valentinuzzi et al. 2010; Cassata et al. 2013; Poggianti et al. 2013; Quilis & Trujillo 2013; Trujillo et al. 2014; van der Wel et al. 2014) . If the number density of compact quiescent galaxies would remain constant with cosmic time, the "progenitor" bias (van Dokkum & Franx 2001) would partly drive the growth in size of the quiescent population. On the other hand, if the number of compact galaxies were lower at more recent epochs, then mergers rise as the most important mechanism. The sample of quiescent galaxies with reliable size measurements presented in this work is not large enough as to carry out a reliable, direct study about the evolution in number density of compact quiescent galaxies, although from the results obtained in Díaz-García et al. (2013) , the number density of compact quiescent galaxies is expected to show a decrease in number.
From the results obtained by Díaz-García et al. (2013 , it is possible to draw the following general picture on the growth in size of the quiescent population:
• Instead of a unique mechanism to explain the growth in size of quiescent galaxies, there seems to be a combination of various mechanisms that act in parallel to produce the increase in size observed in quiescent galaxies: mergers, the "progenitor" bias and, maybe, "frosting". In a "downsizing" scenario, the first galaxies that quenched their star formation were the galaxies that experimented the most efficient star formation episodes, with very short formation timescales, being in turn the most massive galaxies. The formation and evolution of the stellar populations of quiescent galaxies also relate to the size of the galaxy, i. e. with the stellar mass density of the galaxy, where the most compact ones at fixed stellar mass would be formed earlier and more efficiently. After shutting down their star formation, they were incorporated to the quiescent population, and under this hypothesis, all the galaxies that were formed later will present more extended sizes and younger stellar populations, which produces the sizeage, -metallicity, -extinction, -SFR and -sSFR correlations. Once these galaxies belong to the quiescent sample, they continue growing in size via mergers and (maybe) "frosting". The continuous arrival of new quiescent galaxies, with larger sizes, also contributes to modify the stellar mass-size relation (e. g. in Belli et al. 2015 , the authors constrained that the "progenitor" bias can be only responsible for about half of the growth in size at 1 < z < 1.6).
• Although the growth in size is likely produced by a combination of various mechanisms, their role depend on the cosmic time. For instance, massive quiescent galaxies (log 10 M ⋆ ≥ 11.2) suffer a rapid increase in number at 1 < z < 3 (e. g. Arnouts et al. 2007; Domínguez Sánchez et al. 2011; Ilbert et al. 2010 Ilbert et al. , 2013 , which implies a more striking contribution of the "progenitor" bias than at z < 1, provided that the majority of massive galaxies are already red at this redshift range (e. g. Davidzon et al. 2013; Ilbert et al. 2013; Moustakas et al. 2013; Tomczak et al. 2014 ). In addition, at higher redshifts major mergers were more frequent (e. g. Lin et al. 2008; de Ravel et al. 2009; López-Sanjuan et al. 2012; Xu et al. 2012; López-Sanjuan et al. 2013 ) and the rate of "frosting" could be also higher, provided the larger reserves of gas (Bell 2003; Kannappan 2004; Erb et al. 2006; Reddy et al. 2006; Dalcanton 2007) . This also would explain that the increase in size of quiescent galaxies were more efficient at 1 < z < 2 rather than at 0 < z < 1 (e. g. Trujillo et al. 2007; van Dokkum et al. 2008; Newman et al. 2012; van der Wel et al. 2014 ).
• At fixed redshift, the role of the different mechanisms to produce the growth in size of quiescent galaxies varies with stellar mass. As discussed above, at z < 1 there is a generalized increase in the number density of quiescent galaxies, that at decreasing stellar mass is systematically more prominent and explained by a larger "progenitor" bias. This implies that the contribution to the continuous assembly of the stellar masssize relation also changes with stellar mass.
Comparison with previous studies
Since the discovery of the stellar mass-size relation, there have been several previous work in the literature studying the stellar content of compact galaxies at different ranges of redshift and stellar mass (Shankar & Bernardi 2009; Trujillo et al. 2011; Belli et al. 2015; Guérou et al. 2015; McDermid et al. 2015; Fagioli et al. 2016; Gargiulo et al. 2017; Scott et al. 2017; Williams et al. 2017; Li et al. 2018) . In this paper, we extend this kind of studies up to z ∼ 1 to also explore correlations with metallicity, extinction, and SFR. We devote this section to comparing our results, obtained using photometric data, with the spectroscopic work in the literature (see Table 4 for a brief summary).
6.1. Stellar populations of compact and extended galaxies in the nearby Universe
Early attempts to unveil discrepancies between the stellar populations of compact and extended galaxies were carried out using SDSS spectroscopic data. In Shankar & Bernardi (2009) , the authors explored the relation between half-light radii r e and the ages (obtained from the catalogue of Gallazzi et al. 2005 , a Bayesian statistical approach based on a multiple fit to ageand metallicity-sensitive absorption features) of 48 000 earlytype galaxies from SDSS at 0.013 < z < 0.3. Authors revealed that early-type galaxies of ages larger than 9 Gyr systematically present lower effective radii of ∆ log 10 r e ∼ 0.1 dex than those younger than 6 Gyr at the same stellar mass in agreement with our results. Also using SDSS data, the pioneering work by Trujillo et al. (2011) determined via full spectral fitting that there were not large discrepancies between the ages of compact and extended galaxies at fixed stellar mass by a sample of 2 656 early-type galaxies. However, in agreement with our results, Trujillo et al. (2011) showed systematic discrepancies between the extreme age quartiles of early-type galaxies at fixed dynamical mass, where the young ones exhibited larger effective radii and a correlation with velocity dispersion. Making use of a sample composed of 228 early-type from the HST/ACS images of the Great Observatories Origins Deep Survey (Giavalisco et al. 2004 ) up to z ∼ 1, Trujillo et al. (2011) also found out that there is a little variation in the segregation of the age within the stellar masssize relation since z ∼ 1, which implies that the evolution of this relation is independent of the age of galaxies. This strongly constrained the "puffing-up" mechanism for explaining the growth in size of galaxies, because this one would produce the opposite effect. Note that the work of Trujillo et al. (2011) includes visually selected early-type galaxies, which can differ to our colourbased selection of quiescent galaxies. Nevertheless, our results agree with it in that the "puffing-up" model is contrary to the observations of the distribution of ages within the stellar mass-size and its evolution with redshift.
In addition, Guérou et al. (2015) obtained similar results than ours after studying the stellar populations of 8 low-mass and compact early-type galaxies from the Virgo cluster, that were complemented with 39 less compact galaxies from the work by Toloba et al. (2014) . In this case, ages and metallicities were derived through the stacked spectra of each galaxy GMOS (Hook et al. 2004 ) and by Lick indices. Guérou et al. (2015) obtained that more compact early-type galaxies are older and more metal-rich than the less compact galaxies at log 10 M ⋆ < 10, which is also observed in our work for less massive systems (log 10 M ⋆ < 10.1) at 0.1 < z < 0.3 and not only for the massive case.
Stellar populations in spatially-resolved galaxies
The great capabilities of modern IFS are becoming a potential technique to determine the stellar population properties of galaxies at the nearby Universe, hence avoiding aperture effects. McDermid et al. (2015) studied the distribution of their stellar population parameters on the stellar mass-size plane through 260 early-type galaxies in the mass range 6 · 10 9 < M ⋆ < 10 12 from the ATLAS 3D survey (Cappellari et al. 2011) . They determined ages, metallicities and [α/Fe] by a multiple fitting of the indices Hβ, Fe5015, and Mgb within one effective radius to a customized version of the Schiavon (2007) SSP models. They obtained similar conclusions on the stellar mass-size plane for index based ages and metallicities, and the mass-weighted ones: more compact galaxies present both older ages and higher metallicities. This result agrees with our predictions of quiescent galaxies at 0.1 < z < 0.3 and log 10 M ⋆ > 10. Notice that whilst our sample was built using the intrinsic colours of galaxies as spectral discriminator, the sample of McDermid et al. (2015) was morphologically selected and preserves the same correla- Table 4 . Brief description of the samples used in several work for determining stellar population parameters of galaxies as a function of the size. tions with size that we obtained, in part owing to early-type galaxies frequently present red colours. Using data from the SAMI galaxy survey, Scott et al. (2017) integrated the flux of 1 319 spatially-resolved galaxies (517 of them included in clusters) within one effective radius to study their stellar populations as a function of size and mass up to z ∼ 0.09. The authors also concluded that there are wellestablished discrepancies between the properties of compact (older and more metal-rich) and extended (younger and lower metallicities) galaxies, as well as these ones also depend on the morphology and more weakly on environment. Although they provided equivalent SSP ages and metallicities based on multiple fitting of Lick indices (including the SSP models of Schiavon 2007; Thomas et al. 2010) , which are more related to luminosity-weighted properties, these trends are compatible with our mass-weighted estimations.
Recently, Li et al. (2018) explored the ages and metallicities of 952 early-type galaxies from the MaNGA DR14 sample (Abolfathi et al. 2018) , as well as their gradients, depending on the position of galaxies in the mass-size plane. In this case, ages and metallicities were obtained via full spectral fitting, and stellar masses via a Jeans Anisotropic modelling (JAM Cappellari 2008) . As in previous studies, Li et al. (2018) also confirm the segregation of the stellar population properties with size, i. e. more compact galaxies are older and more metal rich. As we also obtain in Sect. 4.5, the distribution of velocity dispersion changes according to the stellar population parameters of MaNGA galaxies for stellar masses of log 10 M ⋆ 10.4. Interestingly, the authors also reveal that there is also a correlation with the gradients of metallicity/age and the size of galaxies.
6.3. Correlation between age and size at moderate redshift At moderate redshift, previous studies are mainly focused on the ages as a function of size, whereas metallicity remains not strongly determined. In the work by Belli et al. (2015) , they explored the stellar populations of a sample of 62 quiescent galaxies at the redshift range 1 < z < 1.6. Keck/LRIS spectra and photometry were used to estimate stellar population parameters via spectral fitting and BC03 τ models with fixed solar metallicity Z ⊙ = 0.02 ± 0.005. They retrieved that older quiescent galaxies populated the lower parts of the stellar mass-size diagram, and consequently, they are in average more compact. In addition, they obtained that extended quiescent galaxies arrived into the quiescent sample later than the compact ones, and therefore they were mainly formed in later formation epochs than the compact counterpart, as we obtain from our SED-fitting analysis in ALHAMBRA (Sect. 3.1).
As part of the spectroscopic VIPERS redshift survey, Gargiulo et al. (2017) extracted a sample of more than 2 000 quiescent galaxies with stellar masses log 10 M ⋆ > 11 at 0.5 ≤ z ≤ 1.0. Gargiulo et al. (2017) obtained that compact quiescent galaxies (defined as Σ M ≥ 2 000 M ⊙ pc −2 ) are older and they evolve passively. On the other hand, extended quiescent galaxies (Σ M ≤ 1 000 M ⊙ pc −2 ) are younger in comparison with their compact counterparts and their evolution since z = 0.8 up to z = 0.5 is not compatible with a passive evolution in agreement with our results.
Making use of stacked spectra from the 20k zCOSMOSbright spectroscopic survey (Lilly et al. 2007 ), Fagioli et al. (2016) selected quiescent galaxies at 0.2 ≤ z ≤ 0.8 and stellar masses log 10 M ⋆ ≥ 10.5 in order to discern the existence (or not) of a size-age correlation. The selection of the quiescent sample differs from ours, as authors took those galaxies that do not present any emission in Hα, Hβ, and [O ii] . In addition, metallicities were fixed to the averaged ones obtained by Gallazzi et al. (2005) for the global stellar mass-metallicity relation in the local Universe. The age predictions in this work show that more compact galaxies at 10.5 ≤ log 10 M ⋆ ≤ 11.0 are older than their larger counterparts, in agreement with our results. However, for the stellar mass range 11.0 ≤ log 10 M ⋆ ≤ 11.5, the authors did not find a clear correlation between the size and the age of quiescent galaxies. Despite these discrepancies in the analysis, their results agree with previous studies and ours for stellar masses 10.5 ≤ log 10 M ⋆ ≤ 11.0.
The work by Williams et al. (2017) presents spectroscopic ages derived from galaxies in the Cosmic Assembly Near-infrared Deep Extragalactic Legacy Survey (CANDELS, van der Wel et al. 2012 ). The quiescent sample was defined according to the selection M ⋆ > 10 11 , sS FR < 10 , and at z > 1 ). There are 22 compact quiescent galaxies (defined as those with stellar mass surface den-
